The essence of successful mitosis is the generation of two genetically identical daughter cells. This requires the assembly of a strictly bipolar mitotic apparatus that will ensure that all daughter chromosomes are segregated to opposite sides of the cell before the completion of mitosis. The agent of the higher animal cell for the establishment of this essential "twoness" is the pair of centrosomes that organize the spindle poles during mitosis (Mazia 1987) .
Before the cell enters mitosis, the single interphase centrosome duplicates or reproduces exactly once, and the daughter centrosomes form the two poles of the spindle after breakdown of the nuclear envelope. Failure of the cell to precisely control this duplication of the centrosome can have disastrous consequences. If the centrosome fails to duplicate before the onset of mitosis, most somatic cells eventually return to interphase without dividing, which causes polyploidy. If the centrosome duplicates more than once in a cell cycle, then a multipolar spindle may be assembled and the chromosomes may be unequally distributed to the daughter cells, leading to genetic imbalances that produce cells with aggressive growth characteristics (for reviews, see Orr-Weaver and Weinberg 1998; Brinkley 2001) . In fact, the cells of many lethal human tumors are genetically unstable and have abnormally high numbers of centrosomes (Lingle et al. 1998; Pihan et al. 1998; Carroll et al. 1999) . Extra centrosomes are a problem because the condition is not remediated; cells do not have a checkpoint that aborts mitosis in response to extra spindle poles (Sluder et al. 1997) . In this review, we focus on the mechanisms that control centrosome duplication and coordinate it with nuclear events during the cell cycle.
The structure and activities of the centrosome
At the ultrastructural level, the centrosome of a typical mammalian cell consists of a pair of centrioles associated with a cloud of electron dense material known as the pericentriolar material (PCM), which surrounds one or both centrioles depending on the cell type (for reviews of centrosome ultrastructure, see Stubblefield 1968; Wheatley 1982; Bornens et al. 1987; Vorobjev and Nadezhdina 1987; Palazzo et al. 2000; Preble et al. 2000) . The centrioles themselves are a barrel of nine triplet microtubules ∼ 400 nm in length (Marshall and Rosenbaum 1999) . These stable microtubules are composed of a large number of polypeptides, including ␣/␤/␦/ tubulin (Dutcher 2001) and centrin (Salisbury 1995) , as well as tektin filaments and their associated structural proteins (Steffen et al. 1994; Hinchcliffe and Linck 1998) . The PCM consists of a fibrous meshwork, known as the centromatrix (Schnackenberg and Palazzo 1999) , that binds a variety of proteins, including the ␥ tubulin ring complexes that nucleate microtubules (for reviews, see Wiese and Zheng 1999; Zimmerman et al. 1999) . The PCM around the centrioles thus acts as the centrosomal microtubule-organizing center (MTOC), which nucleates the interphase microtubular array and essentially all the spindle microtubules during mitosis (Euteneuer and McIntosh 1981) . The centrioles do not directly participate in the nucleation of cytoplasmic microtubules (Gould and Borisy 1977) .
In many types of somatic cells, the centrosome moves during interphase to the cell cortex, and the older of the two centrioles nucleates the doublet microtubules of the primary cilium (Fulton 1971; Rieder and Borisy 1982; Wheatley 1982; Preble et al. 2000) . In this respect, a centriole will act as a basal body, an organelle of closely similar ultrastructure found in high copy numbers in ciliated cells. Centrioles that organize primary cilia also have a number of attached accessory structures, such as conical projections on the exterior of their proximal ends, called basal feet, that have microtubules attached to their globular tips (Albrecht-Buehler and Bushnell 1980; Wheatley 1982; Preble et al. 2000) . Presumably, these microtubules help anchor the flagellar apparatus to the cell.
Although they do not nucleate cytoplasmic microtubules, the centrioles serve to localize the pericentriolar material into a focal body and thus determine the num-1 ber of MTOCs present in the cell. Centrioles are rich in polyglutamylated tubulin, and the microinjection of antibodies raised against poly-glutamylated tublin into living human (HeLa) cells leads to the disassembly of the centrioles (Bobinnec et al. 1998) . Concurrently, this leads to the scattering of the PCM and the disappearance of the centrosomal MTOC as a defined body in interphase. When the centrioles reform several hours later, the centrosomal MTOCs become focal again. That centrioles could have an activity that localizes the PCM can also be inferred from the finding that the PCM is not always equally distributed in the vicinity of both centrioles. For example, in rat kangaroo kidney epithelial cells (PtK cells), the PCM is primarily associated with the older of the two centrioles; the daughter centriole does not acquire PCM until it splits from its mother and assembles its own daughter (Rieder and Borisy 1982) . Additional evidence that centrioles localize the PCM comes from the classic observation that polyspermic fertilization of sea urchin eggs leads to the formation of additional spindle poles (Wilson 1896) . That this activity is specific to the centrioles is revealed by findings that the microinjection of isolated sperm centrioles into sea urchin zygotes or Xenopus zygotes leads to the formation of supernumerary asters in a dose-dependent fashion (Maller et al. 1976; Hirano 1982) . Finally, when sea urchin zygotes are mechanically fragmented with a fine screen just after fertilization, the fragments that contain just a female pronucleus form a single aster at first mitosis that does not contain centrioles (Sluder et al. 1989 ). This occurs because the centrioles to be used in development are cut off, with the cytoplasm containing the sperm nucleus. As the cell fragment proceeds from one mitosis to the next, the aster does not double and becomes less and less focal at each mitosis. By the third mitosis, the microtubules often are highly disorganized. In sharp contrast, fragments containing just the male pronucleus assemble focal asters containing centrioles and repeatedly divide in a normal fashion.
The role of the centrosomes in determining spindle polarity
The number of centrosomes in a cell at the onset of mitosis typically determines the number of spindle poles. For both zygotes and somatic cells, those containing a single centrosome or an unseparated pair of centrosomes form a monopolar spindle at mitosis (Fig. 1; Bajer 1982; Sluder and Begg 1985) . Cells that contain more than two centrosomes typically form a multipolar spindle, the polarity of which corresponds to the number of centrosomes interacting with the chromosomes (Fig. 1; Heneen 1975; Rieder et al. 1997; Sluder et al. 1997) .
However, this "one centrosome, one spindle pole" notion is simplistic. Observations of bipolar spindle assembly in cells that lack centrosomes have revealed the existence of a second mechanism for spindle pole formation, even in cells that normally contain centrosomes (for review, see Compton 2000) . Findings, some dating back almost 40 years, that male and female meiotic cells can form bipolar acentrosomal spindles challenged the notion that centrosomes are needed for the establishment of spindle bipolarity (Dietz 1966; Steffen et al. 1986 ). More recent work with Xenopus egg extracts has revealed that bipolar spindles will assemble from initially randomly oriented microtubules assembled in the vicinity of chromatin, be it chromosomes or beads coated with DNA fragments (Heald et al. 1996 (Heald et al. , 1997 . Spindle organization is achieved through the bundling and movement of these microtubules into bipolar arrays by the action of microtubule-based motor proteins coupled with the bundling action of the nuclear mitotic apparatus protein (NuMa; Gaglio et al. 1997) . Recently, these findings have been extended to somatic cells with the demonstration that after laser ablation of centrosomes during prophase, green monkey kidney epithelial cells expressing ␥ tubulin-GFP (CVG-2 cells; Khodjakov et al. 1997 ) assemble a functional bipolar spindle Hinchcliffe et al. 2001; Khodjakov and Reider 2001) . Together, these findings have raised the possibility that centrosomes are simply microtubule donors or are perhaps completely irrelevant for spindle pole formation. However, when observations of spindle assembly in a wide variety of dividing cells are considered together, one finds that the ability of a cell to form acentrosomal spindle poles is system dependent and that centrosomes, when present, act in a dominant fashion to determine spindle polarity (Heald et al. 1997) . The alternative mechanism for bipolar spindle assembly is revealed only when centrosomes are not present. Thus, it appears that spindle pole formation in higher animal cells is the result of the cooperative action of two mechanisms: (1) the microtubule motor protein bundling/rearrangement of cytoplasmic microtubules, and (2) centrosomes.
To further complicate the story, the existence of stable cell lines in which many or all of the cells contain multiple centrosomes has challenged the notion that multiple centrosomes always produce a multipolar cell division. For example, mouse neuroblastoma (N115) cells and p53 −/− mouse embryo fibroblasts contain multiple MTOCs, each containing centrioles, yet they divide in a bipolar fashion, at least most of the time (Ring et al. 1982; Fukasawa et al. 1996) . Similarly, one can ask how the cells of aggressive human tumors containing multiple centrosomes can propagate without catastrophic loss of chromosomes and consequent loss of viability (Lingle et al. 1998; Pihan et al. 1998; Caroll et al. 1999) .
We submit that these observations do not necessarily constitute a challenge to the notion that the number of centrosomes determines spindle polarity in normal cells. These cells have undergone clonal selection for compensatory mechanisms that are able to deal with the presence of multiple centrosomes. Possibly these cells have up-regulated the levels of microtubule bundling proteins, such as NuMa, so that the centrosomes are constrained from separating to form a multipolar spindle. In effect, the alternative mechanisms for spindle bipolarization, described above, now dominate. Indeed, the finding of an increase in genomic stability for populations of p53 −/− mouse embryo fibroblasts at successive passages is consistent with this hypothesis (Chiba et al. 2000) .
The events of centrosome reproduction
At the end of mitosis, each daughter cell inherits a single centrosome, and by the onset of the next mitosis, it contains just two centrosomes. This precise doubling of the interphase centrosome in preparation for mitosis is called centrosome duplication or reproduction. In higher animal cells, centrosome reproduction consists of four morphological events: (1) centriole splitting, (2) centriole duplication, (3) centrosome disjunction, and (4) daughter centrosome separation (Fig. 2) .
Centriole splitting, or centriole disorientation, has been defined as the detachment and loss of orthogonal relationship between the mother-daughter centriole pair, observed during late G 1 (Kuriyama and Borisy 1981; Wheatley 1982) . Although this event has been commonly said to be the leading event in centrosome reproduction, the mother and daughter centrioles can widely separate from each other as early as telophase in some cultured cells (Mack and Rattner 1993; Piel et al. 2000 Piel et al. , 2001 . It is not known whether these separated centrioles are still joined by an extensible linkage or have truly split well before the G 1 -S transition.
Centriole duplication is first seen at the beginning of S phase or during S phase by the appearance of short daughter centrioles, or procentrioles, at right angles to and separated slightly from the two original centrioles. These procentrioles elongate during S and G 2 , reaching mature length in mitosis or the following G 1 (Kuriyama and Borisy 1981; Lange et al. 2000) .
The completion of centrosome reproduction occurs with centrosome disjunction at a variable time in G 2 , with pairs of mother-daughter centrioles going to each daughter centrosome (Aubin et al. 1980; Kochanski and Borisy 1990) . The disjunction of the sister centrosomes is correlated with the activity of Nek2, the mammalian homolog of the Asperillus protein NIMA, a cell cycle regulatory kinase that contributes to driving the cell into mitosis (Fry et al. 1998; Mayor et al. 2000) . In addition, Figure 1 . Monopolar, bipolar, and multipolar spindles. (a-c) Monopolar spindle is assembled when the centrosomes fail to separate in a BSC-1 cell. This is a rare spontaneous occurrence in culture. Interestingly, BSC-1 cells, from which the centrosome has been removed during interphase, assemble bipolar spindles without centrosomes (Hinchcliffe et al. 2001) , using the alternative spindle assembly pathway described in the text. The fact that cells with unseparated centrosomes form monopolar spindles indicates that centrosomes, when present, act in a dominant fashion to determine spindle polarity. 
Control of centrosome reproduction
phosphorylation of the EF-hand protein centrin during G 2 /prophase correlates with centrosome disjunction (Lutz et al. 2001) . The kinase activity of Nek2 and or the phosphorylation of centrin may function to coordinate sister centrosome disjunction with entry into mitosis, thereby ensuring that the cell contains two spindle poles at the right time.
This is followed by daughter centrosome separation through the action of microtubule-based motor proteins (Sharp and Scholey 2000) . However, the extent to which aster separation occurs before the onset of mitosis can vary between cells, even those in the same population. In some cases, the two centrosomes remain close together until nuclear envelope breakdown, whereas in others, both asters are well separated around the nucleus before the end of prophase (for review, see Rieder 1990) .
Controls for centrosome reproduction
Control of centrosome duplication is exercised by limits that are intrinsic to the centrosome itself and by extrinsic controls imposed by changing cytoplasmic conditions during cell cycle progression. Limits intrinsic to the centrosome determine the number of daughter centrosomes that arise from the parent centrosome; cytoplasmic controls determine when the centrosome duplicates in relation to the progression of nuclear events such as DNA synthesis and mitosis.
Intrinsic controls
Functional studies of living cells coupled with serial section electron microscopy indicate that there is a counting mechanism within each centrosome that limits the number of daughters that can arise from the parent centrosome. Zygotes contain enough centrosomal subunits at fertilization to assemble many complete centrosomes (Gard et al. 1990; Sluder et al. 1990 ), yet they normally assemble only one new centrosome in close spatial association with each preexisting centrosome at each cell cycle. This specificity of the duplication process appears to be determined by the cycle of centriole disjunction and centriole duplication. Because centrioles act to localize the PCM, as discussed earlier, the number of centriole pairs determines the number of spindle poles.
The evidence for this assertion originated with the remarkable finding of Mazia et al. (1960) that it is possible to experimentally manipulate the reproductive capacity of centrosomes in sea urchin zygotes. When mitosis is prolonged by any of several independent methods, the two spindle poles split during mitosis to yield four functional poles that will not further subdivide even when mitosis is prolonged to 20 times its normal duration (Mazia et al. 1960; Sluder and Begg 1985; . Ultrastructural analysis of such tetrapolar spindles reveals that each pole contains only one centriole, confirming that the centrosomes have split, not duplicated (Fig. 3; Sluder and Rieder 1985; . After the cell divides into four, these half centrosomes each assemble a daughter centriole, thus becoming normal centrosomes with full reproductive capacity. However, they do not undergo centriole splitting or centrosome disjunction, and each cell assembles a monopolar spindle at next mitosis (Fig. 4) . In effect, the two mitotic centrosomes with normal reproductive capacity have subdivided into four centrosomes with half the normal reproductive capacity (and half the complement of centrioles). If a daughter cell with a monopolar spindle remains in mitosis longer than normal, as often happens, the centrosome of the monopolar spindle will split to give two functional spindle poles with one centriole apiece. These poles undergo centriole duplication but not centrosome disjunction during interphase, and monopolar spindles are once again formed at the following mitosis. These observations reveal that each centriole can organize a functional spindle pole, but normally the mother and daughter centrioles remain physically associated with each other, thereby forming only one spindle pole. The importance of centrioles in the control of centrosome number was further substantiated by the finding that sea urchin zygotes, from which the centrioles were removed, would form a single MTOC. This MTOC would not double between mitoses (Sluder et al. 1989 ). Thus, the mechanism that determines the doubling of a spindle pole in preparation for mitosis is not part of the PCM. Although all of this work was performed on sea urchin zygotes, these observations are not peculiar to embryonic cells. When mitosis is prolonged in cultured cells by transfection with a nondegradable cyclin B construct, the spindle poles double from two to four (Gallant and Nigg 1992) .
The link between the cycle of centriole duplication and spindle pole reproduction, however, begs the question of how cells without centrioles manage to organize bipolar spindles during successive mitoses. Presumably, such cells use the alternate spindle assembly pathway, described earlier, by which microtubules nucleated in the vicinity of chromatin are sorted by microtubulebased motor proteins and then bundled in a bipolar array by crosslinkers such as NuMa (for review, see Compton The first division spindle has a pair of orthogonally arranged centrioles at each spindle pole. During prolonged prometaphase, the centriole pairs (and centrosomes) split without duplicating, and the four spindle poles separate from each other, each containing a single centriole. In telophase, as the cell divides into four, the singlet centrioles replicate but do not separate. The result is the formation of monopolar spindles at the next mitosis. Each centrosome has the normal complement of two centrioles. When a cleavage furrow fails to form, two monopolar spindles come together to assemble a functional bipolar spindle with poles that reproduce in a normal fashion. (b) Centriole behavior during prolonged prometaphase in a cell containing a monopolar spindle. The single pole splits and a bipolar spindle forms when prometaphase is prolonged, as it often is in such cells. Each sister aster contains only one centriole. After anaphase, the cell divides and the singlet centrioles duplicate but do not split during interphase. At the next mitosis, monopolar spindles are again assembled. 2000). This means that spindle pole duplication does not exist in acentriolar cells; the poles of the spindle are formed anew at each mitosis.
The mechanism for the precise one-to-two duplication of centrioles is not understood. Our current thinking is that centriole replication is a templated process whereby the parent centriole provides a unique site and/or pattern for the assembly of the daughter centriole. Specific precursor structures, such as an annular ring or a looped fiber containing 9 densely staining foci that later elaborate into triplet microtubules, have been described in ciliate basal body duplication (Dippel 1968; Gould 1975 ). This templating hypothesis is supported by findings that zygotes have sufficient complete pools of centrosome subunits to make many centrosomes, yet daughter centrosomes form only one at a time at the parent centrosome (Gard et al. 1990; Sluder et al. 1990) . Also, when the centrosome is removed from zygotes (Sluder et al. 1989) or somatic cells (Maniotis and Schliwa 1991; Hinchcliffe et al. 2001; Khodjakov and Rieder 2001) , centrioles do not reassemble. To the best of our knowledge, the only exceptions to this rule are found in the de novo formation of centrioles after parthenogenetic activation of sea urchin eggs (Von Ledebur-Villiger 1972; Kallenbach and Mazia 1982) , the formation of multiple basal bodies from specialized generative structures during spermiogenesis in the water fern Marselia (Hepler 1976) , and the assembly of multiple basal bodies from specialized generative structures in ciliated epithelia in higher animals (Sorokin 1968; Dirksen 1991) . In addition, centriole/basal body genesis can be under developmental control. For example acentriolar Naeglaria amoebae will assemble two basal bodies when they differentiate into a flagellated form after environmental stress (Fulton and Dingle 1971) . In addition, during mouse development, centrioles are not seen in the early mitotic divisions (Szollosi et al. 1972) .
Historically, the implied continuity of structure and pattern in centriole duplication has brought to mind DNA replication, the contemporary paradigm for a templated reproductive process in which information and copy number are under rigid control. Thus, it is not surprising that almost 40 years ago, workers started considering the notion that centrioles and basal bodies contain nucleic acids that serve either a genomic or structural role in the duplication process. The thinking was that centrioles could be semiautonomous organelles with their own DNA genomes, much like mitochondria and chloroplasts. Alternatively, centrioles, like ribosomes, could contain RNA that would serve a structural role in the assembly of daughter centrioles. These possibilities inspired searches, spanning many years, for nucleic acids physically located in centrioles and basal bodies. The vast majority of these studies concentrated on trying to show the existence of DNA or RNA in centrioles/basal bodies under the assumption that presence implies function; only a few studies were designed to test the functional importance of nucleic acids in centrosome activity. Over the years, claims that DNA or RNA is the sole centriolar nucleic acid, have alternately achieved favor.
Because all of this work was fraught with serious technical problems and with initially promising but ultimately inconclusive observations, we will not review this field. The early work was reviewed by Fulton (1971) , and the later work has been reviewed by Marshall and Rosenbaum (2000) . Suffice it to say, there is yet no credible evidence for the existence of DNA in centrioles or basal bodies, and claims to this effect have been discredited by the most recent experimentation. Although RNA may be present at or in the vicinity of centrioles, there is no compeling evidence for its importance in centriole duplication or centrosome assembly/function. Understandably, nobody has been able to rigorously differentiate between RNAs that are specific to the centriole and nuclear gene products, such as ribosomal, transfer, or messenger RNAs, which happen to lie within the cytoplasmic volume of the centriole or basal body. Thus, it appears that this seductive siren song about the role of nucleic acids in the control of centrosome duplication and function has been marginalized-for now.
Extrinsic controls
The cell must ensure that the events of centrosome reproduction are properly coordinated with nuclear events in the cell cycle if it is to have just two centrosomes at the onset of mitosis. Although much progress has been made over the past 15 years in defining the controls that ensure this essential coordination, we still do not have enough pieces of the puzzle to provide a complete picture. Because this field has progressed largely by testing a variety of hypothetical control strategies, we will review the potpourri of studies by category. By beating around the bush long enough, we hope to eventually define the outlines of the bush.
The time of centrosome reproduction is under cytoplasmic control
In principle, a logical way for the cell to coordinate nuclear and centrosomal events would be for nuclear activities, such as the synthesis of DNA and/or the timed transcription of RNAs, to determine when the centrosome can reproduce. This possibility was tested by using a micropipette to remove the nucleus and one centrosome from sea urchin zygotes (Sluder et al. 1986 ). These zygotes were ideal for this investigation because they contain large stores of mRNAs and proteins to support rapid early development without growth, and consequently, the cell cycle continues in the absence of the nucleus. The results of these experiments revealed that remaining centrosome invariably reproduced in a one-totwo-to-four-to-eight fashion in proper coordination with cycles of astral microtubule assembly/disassembly and cleavage furrow initiation. The fact that all daughter centrosomes contained two centrioles indicated that centrosome reproduction was normal and complete. Thus, neither the presence of the nucleus nor its activities are required for repeated cycles of centrosome repro-duction; temporal control of centrosome reproduction is under cytoplasmic control. The finding that all the centrosomes reproduced in synchrony within a zygote indicates that the temporal control of their reproduction is exercised by a cyclical change in the state of the cytoplasm.
Cell cycle stage and centrosome duplication
The way in which the centrosome and nuclear cycles are coordinated might seem to be straightforward at first glance: The events of centrosome reproduction could be driven by cytoplasmic conditions particular to certain cell cycle stages. However, the appealing simplicity of this notion was clouded by demonstrations that centrosomes repeatedly reproduce when the cell cycle is arrested in interphase by inhibitors of DNA synthesis or protein synthesis (Sluder and Lewis 1987; Raff and Glover 1988; Gard et al. 1990; Sluder et al. 1990; Balczon et al. 1995) . Such findings raised the possibility that the nuclear and centrosomal cycles are regulated by independent pathways (Sluder et al. 1990 ). Thus, it was important to experimentally define which cell cycle stages support centrosome reproduction and which do not. The approach used has been to arrest cells at various phases of the cell cycle and then to determine whether the centrosome will reproduce one or more times without further experimental intervention.
G 0 phase:
This phase of the cell cycle does not support centrosome reproduction. The centrosome does not duplicate as long as the cell is in this quiescent phase of the cell cycle (Tucker et al. 1979; Okuda et al. 2000) .
G 1 phase:
Whether or not centrosome reproduction begins during G 1 , when the cell has passed the restriction point and is committed to prepare for division, appears to vary among different cell systems. In the vast majority of cell types examined, the start of centrosome reproduction, as seen by procentriole formation, does not occur until the very end of G 1 or during S phase (Robbins et al. 1968; Kuriyama and Borisy 1981; Vorobjev and Chentsov 1982; Alvey 1985 ; for review, see . Also, when the cell cycle is arrested in G 1 with mimosine, the centrosome does not appear to double, as seen by the number of gamma tubulin immunoreactive spots (Matsumoto et al. 1999 ). However, the temporal correlation between procentriole formation and onset of S phase is not universal. For example, high proportions of L929 cells in culture form procentrioles 4 h before the onset of DNA synthesis (Rattner and Phillips 1973) . In addition, p53 −/− mouse embryonic fibroblasts (MEFs) released from serum starvation can assemble multiple centrosomes well before the onset of S phase (Fukasawa et al. 1996) . Finally, in sea urchin zygotes arrested in interphase before the onset of DNA synthesis of the second cell cycle, the centrosome inherited by each blastomere reproduces completely, but just once . Together, these observations indicate that the G 1 phase of the cell cycle can support the morphological aspects of centrosome reproduction, such as the assembly of daughter centrioles and the splitting/separation of the duplicated centrosomes.
Although the reason why some cells will initiate (and even complete) centriole duplication during G 1 and others wait until the onset of S phase is not understood; this variability may be rooted in system-dependent differences when cyclin-dependent kinase 2-cyclin E (Cdk2-E) activity rises (Cdk activity in the control of centrosome duplication is discussed below). Also, it is possible that the early steps of centriole duplication, such as the formation of precursor structures, occur well before DNA synthesis begins. Procentriole formation first seen at the onset of S phase could be the physical manifestation of the initial reproductive processes that began in G 1 or, conceivably, in the previous cell cycle. This issue is important because any effort to experimentally identify cell cycle regulatory pathways that control centrosome duplication will be facilitated by an understanding of when the reproductive processes actually begin.
S phase:
The cytoplasmic conditions of S phase are clearly permissive for the complete cycle of centrosome reproduction, including mother-daughter centriole splitting, duplication, and centrosome disjunction/separation. Prolongation of S phase in both zygotes and Chinese hamster ovary (CHO) somatic cells allows multiple rounds of centrosome duplication to occur without cell cycle progression (Fig. 5; Sluder and Lewis 1987; Raff and Glover 1988; Balczon et al. 1995; Winey 1999) . Whether this phenomenon is peculiar to zygotes and certain somatic cell lines or alternatively is a general phenomenon is an important question that has yet to be thoroughly investigated. If this is a general phenomenon, one can ask why centrosomes normally do not reduplicate during S phase, especially when DNA synthesis is slowed by environmental perturbations. A possible answer comes from the finding that the period of centrosome reduplication during S phase arrest is on average more than twice as long as the entire cell cycle in sea urchin zygotes and CHO cells (Balczon et al. 1995; . Under normal circumstances, therefore, S phase does not last long enough for centrosomes to reduplicate.
We note that under normal circumstances, the duplicating or duplicated centrosome does not split and separate into two daughters during G 1 or S phases; this event occurs during G 2 or, in some cases, at the onset of M. We do not yet know if this reflects independent regulation of duplication and disjunction/separation or rather the relatively slow kinetics of the separation event after the centrosome has duplicated. However, the observations of Fry and Nigg (1998) indicate that a rise in Nek2 kinase activity during G 2 is required to phosphorylate a protein called cNAP, which in turn is thought to provide the physical link between daughter centrosomes (Mayor et al. 2000) . Observations that the complete cycle of centrosome duplication/separation can occur during prolonged S are consistent with the possibility that the separation of daughter centrosomes begins as soon as the parent centrioles split apart, but occurs slowly. In this regard, it will be of great interest to determine the activity of Nek2 during prolonged S phase.
G 2 phase:
Although the daughter centrosomes normally disjoin and separate during G 2 , this phase of the cell cycle does not appear to support continued centrosome duplication. CHO cells arrested in G 2 with the topoisomerase inhibitor etoposide contain only two sister centrosomes, whereas the same cells arrested in S assemble multiple centrosomes (Balczon et al. 1995) .
M phase:
The cytoplasmic conditions of mitosis do not support centrosome reproduction but do allow motherdaughter centriole splitting and separation. As mentioned above, sea urchin zygotes microinjected with mRNA coding for cyclin B ⌬90 arrest in M phase for up to 20 times the normal duration ). The two centrioles at each spindle pole split but do not duplicate ( Fig. 3 ; Gallant and Nigg 1992) . In addition, recent work has shown that centrosome duplication does not occur in Drosophila embryos (Vidwans et al. 1999) or Xenopus egg extracts ) that are arrested in mitosis.
Together, these findings indicate that the temporal control of the events of centrosome reproduction is exercised by the cytoplasmic conditions of specific cell cycle stages. The correlation between cell cycle stage and the ability of the centrosome to reproduce has therefore directed attention to the role of cell cycle regulatory kinases in centrosome duplication. Logically, the sequential activation of the Cdks could coordinately drive centrosome duplication and nuclear events in the cell cycle.
Cdks in the control of centrosome duplication

Mitotic Cdks
Back when the picture of cell cycle regulation was simple, it was of interest to determine whether centrosome reproduction was controlled by Cdk1-cyclin B, the kinase complex that participates in driving the cell into mitosis. The demonstration that centrosomes repeatedly reproduce when progression of the cell cycle is blocked in interphase by complete inhibition of protein synthesis (Gard et al. 1990; Sluder et al. 1990 ) revealed that centrosome duplication cannot be driven in any simple way by the cyclic rise and fall of Cdk1-cyclin A or Cdk1-B activity, which depend on the synthesis of these cyclins during each cell cycle. Further investigation of this issue has also established that the absolute value of Cdk1-B activity, be it high or low, does not establish cytoplasmic conditions that favor or inhibit centrosome reproduction .
Cdks of the G 1 -S transition
A number of recent studies have revealed that Cdk2 activity plays a key role in controlling centrosome reproduction in both early zygotes and somatic cells. These investigations were motivated by the knowledge that the activation of Cdk2-cyclin E and Cdk2-cyclin A is required for the G 1 /S transition and the maintenance of S phase progression (Strausfeld et al. 1996) , times in the cell cycle when mother-daughter centrioles split apart and start to assemble procentrioles. To test the role of Cdk2-E in the duplication of centrosomes, the activity of this kinase was specifically inhibited in a Xenopus egg extract-arrested in S phase-that supports multiple rounds of centrosome duplication in vitro (Hinchcliffe et al. 1999 ). When ⌬34Xic-1 was added to the extracts, multiple rounds of centrosome duplication were blocked. This NH 3 -terminal truncated variant of the Xenopus Cdk inhibitor Xic-1 p27 inhibits Cdk2-E activity but not Cdk1-cyclin A or Cdk1-cyclin B at the concentration used (Su et al. 1995; Hartley et al. 1997) . When an excess of purified Cdk2-E was added to the ⌬34Xic-1-treated extracts, multiple rounds of aster duplication were restored. Cdk2-cyclin A activity was not a factor in these experiments, because Cdk2 does not complex with cyclin A until after the mid blastula transition in Xenopus Hartley et al. 1997) . Because the majority of S phase promoting activity is provided by Cdk1-A activity (Strausfeld et al. 1996) , which is not inhibited by ⌬34Xic-1 at the concentrations used, the inhibition of Cdk2-E should not drive the cell cycle out of S phase.
In addition, Lacey et al. (1999) arrested Xenopus embryos in interphase with protein synthesis inhibitors to allow repeated centrosome duplication without cell cycle progression (Gard et al. 1990 ). When individual blastomeres were microinjected with the Cdk inhibitors p21 or p27 to inhibit the activity of Cdk2-E (Elledge and Harper 1994; Jackson et al. 1995) , the centrosomes in the injected cells did not repeatedly duplicate as did those in the uninjected cells of the same zygote. In addition, these workers used egg extracts containing centrosomes isolated from cultured cells to show that Cdk2-E activity is required to promote mother-daughter centriole splitting, thought to be the earliest event in the centrosome duplication cycle.
The role of Cdk2 in regulating centrosome duplication is not peculiar to embryonic cells; repeated centrosome duplication in S phase-arrested CHO cells depends on Cdk2 activity (Matsumoto et al. 1999) . However, in somatic cells it appears that Cdk2 coupled with cyclin A is more effective than Cdk2-E in restoring multiple rounds of centrosome duplication in CHO cells arrested at the G 1 /S transition by transfection with a mutant form of Rb that lacks Cdk phosphorylation sites (Meraldi et al. 1999) . Whereas coexpression of cyclin A restored significant levels of repeated centrosome duplication, over-expression of cyclin E did not. Their finding that cotransfection with a dominant-negative Cdk2 construct did not restore centrosome duplication indicated that the cyclin A effect was not an artifact but rather was caused by an increase in Cdk2-A activity. In addition, these findings indicate that the action of Cdk2-A in centrosome duplication occurs downstream from its role in the Rb phosphorylation pathway needed to drive the G 1 /S transition. Although these observations raise the interesting possibility that somatic cells and early cleavage stage zygotes use different Cdk2-cyclin complexes to regulate centrosome reproduction, this may not reflect fundamentally different control strategies. Perhaps centrosomes are responsive to both Cdk2-A and Cdk2-E. Because Cdk2 does not complex with cyclin A until the mid blastula transition in Xenopus zygotes, Cdk2-E may be the only kinase complex available. In somatic cells that contain both Cdk2-A and Cdk2-E kinase complexes, Cdk2-A activity may also play an important role in promoting centrosome duplication. Regardless of these possible differences in the regulation of centrosome duplication between various cell types, cell cycle progression into S phase and centrosome duplication appear to be linked through a rise in Cdk2 activity.
Nucleophosmin NO38/B23, the target of Cdk2-E finase activity
The next important step was to identify the substrates for Cdk2 that are involved in the control of centrosome duplication. In principle, Cdk2 complexed with cyclins E or A could act directly to phosphorylate proteins of the centrosome or activate a pathway that in turn acts on the centrosome. A recent report by Okuda et al. (2000) has provided important insight into the centrosomal target for Cdk2. Their approach was deceptively simple: Unreplicated centrosomes were isolated from G 0 Swiss 3T3 cells and incubated with purified Cdk2-cyclin E and p32 −ATP in vitro. Remarkably, only a single major polypeptide was phosphorylated beyond those phosphorylated in the control preparations lacking centrosomes. This polypeptide was isolated by 2D gel electrophoresis, excised from the gels, and trypsenized, and the resultant peptides were analyzed by MALDI-TOF mass-spectroscopy. This polypeptide turned out to be nucleophosmin NO38/B23, a previously identified component of the nucleous implicated in, among other things, ribosome assembly (Schmidt-Zackman et al. 1987) . Consistent with this finding, nucleophosmin NO38/B23 had previously been shown to localize to mitotic spindle poles in HeLa cells (Zatsepina et al. 1999) and is thought to be phosphorylated by Cdk1-B during mitosis (Peter et al. 1990) .
Immunofluorescence analysis of Swiss 3T3 cells revealed that nucleophosmin NO38/B23 localizes to unduplicated centrosomes but is not found on centrosomes after duplication. Later, when the cells are in mitosis, nucleophosmin is again observed at the centrosomes. Importantly, they found that microinjection of antibodies to rat nucleophosmin NO38/B23 blocked the duplication of centrosomes. In addition, expression of a mutant of nucleophosmin NO38/B23 that is nonphosphorylatable by Cdk2-E also blocked centrosome reproduction. Random thin-section electron microscopy of cells expressing the nonphosphorylatable form of nucleophosmin NO38/B23 indicated that the centrioles had not split apart.
Together, these results indicate that nucleophosmin NO38/B23 associates with centrosome during mitosis, thereby preventing their splitting and duplication until late G 1 , when Cdk2-E activity rises in preparation for S phase. Cdk2-E-specific phosphorylation of nucleophosmin causes it to come off of the centrosome, thereby allowing centriole disorientation and splitting to occur. This is followed by the assembly of procentrioles and hence reproduction of the centrosome. Going forward, it will be interesting to investigate why centrioles can split apart during prolonged mitosis (Sluder and Begg 1985; Gallant and Nigg 1992) , a point in the cell cycle when nucleophosmin should be associated with the centrosome. Perhaps the Cdk2-E-mediated phosphorylation of nulceophosmin does not influence the splitting of the mother-daughter centrioles but rather limits the assembly of daughter centrioles. Also, it will be of interest to determine if Cdk2-cyclin A also phosphorylates nucleophosmin NO38/B23 at sites that cause it to dissociate from the centrosome, as would be predicted by the results of Meraldi et al. (1999) .
Ubiquitin-mediated proteolysis and the centrosome cycle
Recently, a number of laboratories have investigated whether proteolysis of centrosomal components or proteins that interact with the centrosome are needed for centrosome duplication. Interest in this stems from findings that ubiquitin-mediated proteolysis of regulatory proteins, such as certain cyclins, proteins involved in chromatid cohesion, and Cdk inhibitors, is of fundamental importance for the execution of a number of transition points in the cell cycle (King et al. 1996) . Perhaps the proteolysis of putative centrosome-associated proteins determines if and when the centrosome will duplicate. An important issue in this sort of investigation is the need to differentiate between the proteolysis of cell cycle regulatory proteins needed for the cell cycle to progress to the point that the centrosome is scheduled to duplicate and the proteolysis of proteins that interact with the centrosome to limit its duplication.
Specific proteins are targeted for degradation by the covalent attachment of a chain of ubiquitin proteins by multicomponent ubiquitin ligase complexes or E3 complexes (for review, see Jackson et al. 2000) . Such ubiqutinated proteins are recognized by the 26S proteosome and are completely degraded while the ubiquitin is recycled. Because the proteosome will degrade any poly-ubiquitinated protein, the various E3 complexes have the substrate specificity that determines which particular proteins are targeted for proteolysis at any given time (Jackson et al. 2000) . Two E3 complexes have been implicated in the regulation of centrosome reproduction: the SCF complex, which contains Skp1, Cdc53/Cul1 and one of several F-box proteins (for review, see Winston et al. 1999 ) and the anaphase promoting complex or cyclosome (APC/C; for review, see Zachariae and Nasmyth 1999) .
The first indications that E3-mediated proteolysis could play a role in the control of centrosome duplication came from genetic studies on budding yeast. The SCF components Cdc4 (an F-box protein) and Cdc53 (a cullin), as well as Cdc34 (an ubiquitin-conjugating enzyme or E2), are required not only for entry into S phase but also for the separation of duplicated spindle pole bodies (SPBs), the yeast centrosome equivalent (Mathias et al. 1996) . In addition, Pcs1, which encodes a subunit of the proteosome cap, was also found to be required for duplication of the SPB (McDonnell and Byers 1997) . In human cells Cdc16hs and Cdc27hs (components of the APC/C), Skp1 and the 26S proteosome have been localized to centrosomes during interphase and mitosis (Tugendreich et al. 1995; Gstaiger et al. 1999; Wigley et al. 1999) .
Proteolysis regulating centrosome duplication: A split decision?
To directly test whether SCF-mediated proteolysis is involved in initiating centrosome reproduction, Freed et al. (1999) inhibited SCF activity in a Xenopus egg extract that supports the splitting of mother-daughter centrioles . They found that inactivating antibodies to either Skp1 or Cul1 greatly diminished the percentage of mother-daughter centriole pairs that split apart. Because SCF-mediated degradation of p27 is required for the activation of Cdk2-E Winston et al. 1999) , they added purified Cdk2-cyclin E to the antibody-treated extracts. The finding that this did not restore centriole splitting led them to conclude that SCF-mediated proteolysis controls the initial events of centrosome reproduction directly through the destruction of centrosomal component(s). This conclusion was bolstered by their finding that inhibition of the 26S proteosome with high concentrations of clasto-lactacystin ␤-lactone (CLBL; Fenteany and Schreiber 1998) also blocked the splitting of the mother-daughter centriole pairs in egg extracts. This phenomenon is not peculiar to egg extracts because CLBL blocked the reduplication of centrosomes in early Xenopus embryos that were treated with cyclohexamide.
Although these findings indicate that proteolysis is involved in centrosome duplication, the story has been complicated by evidence indicating that SCF-mediated proteolysis is required to prevent the centrosome from undergoing multiple rounds of duplication during a single cell cycle. First, Nakayama et al. (2000) produced a mouse knockout for Skp2, an F-box protein involved in targeting the degradation of-amongst other proteinsthe Cdk inhibitor p27 kip1 (Carrano et al. 1999) . The fact that Skp2 −/− mice exist and are viable up to at least 10 months indicates that centrosome function and duplication are sufficiently normal to support development and adult body function. Of interest, however, was their finding that 38% of Skp2 −/− mouse embryonic fibroblasts (MEFs) showed three to 12 centrosomes per cell as determined by the number of pericentrin-containing bodies. Although this result indicates, at face value, that the centrosome undergoes repeated rounds of duplication without SCF skp2 -mediated proteolysis, plieotropic effects cannot be ruled out. Many Skp2 −/− cells contained micronuclei, which is suggestive of problems with spindle assembly and/or function. Also, the levels of both cyclin E and p27 kip1 were increased in Skp2
MEFs without a commensurate increase in Cdk2-E activity compared with the Skp2 +/+ and Skp2 +/− cells. This is not surprising given the role of Skp2 in targeting p27 kip1 for degradation, thereby allowing Cdk2-E to become active. These investigators suggest that the repeated duplication of centrosomes in Skp2 −/− MEFs is because of the overexpression of cyclin E. However, the way in which the overexpression of cyclin E without an increase in its activity could lead to the formation of multiple centrosomes is not clear, because the constitutive expression of cyclin E in both immortalized rat embryonic fibroblasts and human breast epithelial cells does not lead to multiple centrosomes, as judged by the number of ␥ tubulin immunoreactive foci per cell (Spruck et al. 1999) .
Second, Wojcik et al. (2000) report that 66% of the neuroblasts of centrosome replication-defective (crd) Drosophila embryos contained three to 17 centrosomes per cell. The crd mutation was found to be an allele of supernumerary limbs (slimb), a previously identified Fbox protein (Jiang and Struhl 1998) . This study does not reveal the identity of any proteins targeted for degradation by the slimb containing SCF complex, but the investigators speculate that one possible target could be cyclin E.
Different F-boxes, different functions?
Taken together, these studies raise the question of whether proteolysis is required to initiate centrosome splitting and subsequently reproduction, as suggested by Freed et al. (1999) , or alternatively whether proteolysis functions to limit centrosome reproduction to once per cell cycle, as suggested by the results of Nakanyama et al. (2000) and Wojik et al. (2000) . The answer may be both. Perhaps Skp1-or Cul1-containing SCF complexes are needed to target certain centrosomal proteins for degradation, thereby allowing duplication, whereas Skp2 and/or slimb-containing SCF complexes are required to degrade other proteins after duplication to prevent reduplication of the daughter centrosomes. In this regard, it will be interesting to determine the behavior of centrosomes in cells from mice lacking either Cul 1 (Wang et al. 1999) or Cul 3 (Singer et al. 1999) , both of which lead to high levels of cyclin E protein.
APC/C activity and centrosome reproduction
The APC/C is an E3 complex that plays a key role in the metaphase-anaphase transition by poly-ubiquitinating cyclin B and proteins involved in chromatid cohesion, thereby targeting them for proteolytic degradation. Whether or not APC-mediated proteolysis of centrosomal proteins at the end of mitosis is required for centrosome duplication at the following G 1 -S transition has not been thoroughly investigated. However, preliminary indications indicate that proteolysis at this point in the cell cycle does not determine when centrosomes will reproduce. First, sea urchin zygotes expressing a nondegradable form of cyclin B (cyclin B ⌬90; Murray et al. 1989) arrest in mitosis because Cdk1-cyclin B activity remained high . Nevertheless, the proteolytic events of the metaphase-anaphase transition occur because the cells initiate anaphase chromosome movement and endogenous cyclin B is degraded (Glotzer et al. 1991; Holloway et al. 1992) . At or shortly after anaphase onset, the spindle poles split but do not duplicate. The fact that the centrosomes did not fully reproduce indicates that proteolysis at the metaphase transition is not the sole limit to centrosome reproduction while the cell is in mitosis. However, we do not know if such proteolysis is necessary to prepare centrosomes for duplication at the following G 1 -S transition. We note that even though the splitting of the mitotic centrosomes is temporally correlated with anaphase onset, this does not imply a role for APC-mediated proteolysis in the splitting of mother-daughter centrioles. Mitosis is often prolonged in zygotes containing a monopolar spindle; under such conditions the centrosome splits, and the cell assembles a bipolar spindle that only later initiates anaphase (Sluder and Begg 1985) . This means that the splitting of the mother-daughter centrioles and the disjunction of the centrosome as a whole can occur without the proteolytic events of the metaphase-anaphase transition.
Future directions
Despite the significant advances that have been recently made in unraveling the web of control mechanisms both intrinsic and extrinsic to the centrosome, it is becoming evident that the controls for centrosome duplication are more complex than we expected. Perhaps this is not surprising, because centrosome duplication involves the highly regulated assembly of complex, multifunctional organelles such as the centrioles and the PCM, which in turn must interface with the pathways that regulate the cell cycle. Although we have found a number of pieces to this puzzle, we do not yet have enough of them to provide a coherent picture.
Looking forward, there are a number of fascinating issues to explore and existing leads that need further work. For example, does centrosome duplication require a microtubule network to transport subunit proteins to the cell center (Balczon et al. 1999; Purohit et al. 1999) , and to what extent does this limit centrosome duplication and function. Also, how do the activities of the polo kinases (for review, see Glover et al. 1999 ) and the Aurora kinases (for review, see Giet and Prigent 1999; Goepfert and Brinkley 2000) play a direct role in control-
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ing the events of centrosome reproduction, and how do they effect the physical separation of duplicated centrosomes through their regulation of the activity of microtubule-based motor molecules. These are particularly important issues because human Aurora 2 kinase (also known as STK15 and BTAK) is overexpressed in many human tumor cell types, including breast and colon tumors, that show centrosome amplification (Zhou et al. 1998) . Indeed, ectopic expression of STK15 in mouse NIH 3T3 cells leads to the appearance of abnormal centrosome number (amplification) and transformation in vitro (Zhou et al. 1998) . Although the emerging complexity of the control mechanisms involved in centrosome duplication-particularly as it relates to aneuploidy and tumorgenesis-means that there is more work ahead, we should be pleased that our dance with the centrosome will continue.
